Objective: 5′-adenosine monophosphate-activated protein kinase (AMPK) is a key molecule of metabolic enhancement in skeletal muscle. We investigated whether metformin (MET) acts directly on skeletal muscle, is transported into skeletal muscle via organic cation transporters (OCTs), and activates AMPK. Conclusion: These results suggest that MET is acutely transported into skeletal muscle by OCTs, and stimulates AMPKα1 and α2 activity in both fast-and slow-twitch muscle types, at least in part by reducing the energy state.
Introduction
Metformin (MET) is the most commonly prescribed medication in the world for type 2 diabetes mellitus (T2DM) patients, and treatment with MET has reduced the incidence of T2DM in the Diabetes Prevention Program [1] . MET is known to lower the blood glucose level mainly through hepatic glucose output as a result of increased hepatic insulin sensitivity [2] . The molecular mechanism of MET action is not fully understood, but Zhou et al. [3] demonstrated in 2001 that MET stimulates the "metabolic regulator" 5′-adenosine monophosphate-activated protein kinase (AMPK) with decreased glucose production in primary cultured rat hepatocytes. Since then, a number of studies have documented MET activation of hepatic AMPK. However, although skeletal muscle has been implicated in the antidiabetic effect of MET [2] , only a few studies have examined skeletal muscle AMPK. Zhou et al. [3] found that MET (2 mmol/L, 3 h) stimulated AMPKα1 and α2 activity and glucose transport in isolated rat fast-twitch epitrochlearis muscle, but the effects of MET on slow-twitch muscle and on muscle energy status were not examined. Musi et al. [4] showed that 10 weeks of MET treatment increased AMPKα2 activity and decreased ATP, phosphocreatine (PCr), and glycogen content in vastus lateralis muscle biopsies from T2DM patients, but neither the acute effect of MET administration on AMPK nor the energy status was studied.
Suwa et al. [5] and Kristensen et al. [6] showed that a single oral dose of MET promoted AMPK phosphorylation in multiple muscle types in rats [5] and mice [6] , but they did not examine AMPK activity or energy status. Furthermore, Kristensen et al. [6] did not detect any increase in glucose transport in skeletal muscles.
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MET has been identified as a substrate of organic cation transporters (OCTs).
MET uptake in the liver is mediated by OCT1 [7] [8] [9] , and deletion of Oct1 decreased both MET-stimulated AMPK phosphorylation and inhibition of glucose production in mouse hepatocytes [8] . Moreover, reduced-function alleles of OCT1 have been associated with a reduction in the effect of MET on the oral glucose tolerance test in humans [8] . On the other hand, skeletal muscle expresses OCT1 and OCT3 [10, 11] , and the general OCT inhibitor cimetidine was reported to block MET-stimulated AMPK phosphorylation in primary cultured human skeletal muscle cells [11] . However, to our knowledge, no study has tested the ability of mature skeletal muscle to take up MET into the cytoplasm.
We conducted this study to reevaluate the hypothesis that MET acts directly on different muscle types, and that it can activate both AMPK and glucose transport under reduced energy status. We also examined the possibility that MET is acutely transported into skeletal muscle via OCTs. were fed a standard chow and water ad libitum. The animals were randomly divided into the experimental groups after an overnight fast. Experimental protocols were approved by Kyoto University Graduate School of Human and Environmental Studies, and Kyoto University Radioisotope Research Center.
Muscle treatment in vivo
Rats were injected with MET (250 mg/kg body wt) dissolved in saline into the peritoneal cavity without anesthesia. The volume of injection was 10 ml/kg body wt.
Control rats were injected with saline. Forty five minutes after MET or saline injection, rats were anesthetized with injection of 40 mg/kg pentobarbital sodium into the peritoneal cavity. Fifteen minutes after anesthesia the blood glucose level was measured from the cut tail tip using Glutest-Ace (Sanwa Kagaku Kenkyusho, Nagoya, Japan).
Then the fast-twitch epitrochlearis muscle [12] and slow-twitch soleus muscle [13] were rapidly isolated and frozen in liquid nitrogen. The muscles were then assayed for isoform-specific AMPK activity.
Muscle preparation in vitro
Muscle incubation was performed as we previously described [14] .
Epitrochlearis and soleus muscles were isolated immediately after cervical dislocation.
The muscles were then attached to an incubation apparatus, and preincubated in The OCT inhibitor cimetidine [11] , when present, was added in the preincubation and incubation buffer. The concentration of dimethyl sulfoxide was 0.5%, which had no effect in any assay. The muscles were either used for MET transport and glucose transport measurements, or frozen in liquid nitrogen for subsequent analysis. Some muscles, liver, kidney, and heart were frozen after dissection for Western blotting of OCTs.
Western blotting
Western blotting was conducted as we previously described [14] . were developed using enhanced chemiluminescence (Millipore) and detected with ImageCapture G3 (Liponics, Tokyo, Japan).
Isoform-specific AMPK activity assay
Skeletal muscle expresses two catalytic subunits of AMPK, α1 and α2 [15] . The α-isoform-specific kinase activity was determined as we previously described [14] .
Frozen muscles were homogenized as described in "Western blotting." The supernatant method, as we previously described [14] . The transport activity was expressed as 3MG taken up per intracellular space per hour.
2.7. ATP, PCr, and glycogen assay ATP and PCr contents were measured enzymatically as we previously described [17] . Glycogen content was measured using a glucose assay reagent (Glucose CII Test , Wako, Osaka, Japan) as described previously [18] .
Statistical analysis
Data are expressed as mean ± standard error (SE). Differences between two groups were compared with Student's t-test. Multiple means were analyzed using one-way ANOVA followed by post hoc comparison with Tukey's test. P < 0.05 was considered statistically significant. 
MET is transported into isolated rat skeletal muscles via OCTs
To our knowledge, no study has shown that MET is transported into skeletal muscle. We examined the OCT protein expression levels by Western blot analysis, and clearly detected OCT1 and OCT3 protein in epitrochlearis, soleus, and fast-twitch extensor digitorum longus (EDL) muscles (Fig. 3A) . In contrast, OCT2 protein was not detectable in any of the muscle types (data not shown), which is consistent with previous studies showing no detectable expression of OCT2 in skeletal muscle [10, 11] .
We found that MET was taken up into both epitrochlearis (Fig. 3B) and soleus (Fig. 3C) muscles in a time-dependent manner. Furthermore, simultaneous incubation with cimetidine suppressed the MET-induced phosphorylation of AMPKα Thr 172 in epitrochlearis ( Fig. 3D) and soleus (Fig. 3E ) muscles. The total amount of AMPK did not change during the study. AMPK is implicated in the mechanism of insulin-independent glucose transport, which is elicited by energy-depriving stimuli including hypoxia, inhibition of oxidative phosphorylation, and contraction [21, 22] . MET inhibits complex 1 of the mitochondrial respiratory chain and impairs oxidative phosphorylation [23, 24] . To determine the energy status of skeletal muscle, we measured ATP, PCr, and glycogen content. MET (10 mmol/L, 120 min) significantly decreased these parameters in both epitrochlearis and soleus muscles (Table 1) 
Discussion
Growing evidence suggests that AMPK is involved in acute and chronic metabolic activation processes in skeletal muscle, such as insulin-independent glucose transport, fatty acid oxidation, glycogen regulation, expression of glucose transporter GLUT4, activation of peroxisome proliferator-activated receptor γ coactivator 1α, mitochondrial biogenesis, and enhanced insulin sensitivity [25, 26] . Exercise (muscle contraction) is a strong activator of AMPK in skeletal muscle, but recent reports suggest that there are a number of physiologically relevant stimuli of AMPK in skeletal muscle, such as adipokines including leptin and adiponectin, antidiabetic drugs such as MET and thiazolidinediones, and functional foods and their natural components [25, 27, 28] .
In our earlier studies, we demonstrated that Morus alba leaf extract [29] , caffeine [17] , berberine [30] , Coptidis rhizoma extract [31] , and caffeic acid [32] , all of which have been associated with antidiabetic properties, acutely (<30 min) stimulate AMPK activity in isolated rat skeletal muscles.
We examined the effects of MET in different types of skeletal muscle. Bikman et al. [33] reported that chronic oral administration of MET for 4 weeks increased AMPK and ACC phosphorylation in glycolytic muscle (white gastrocnemius), but not in oxidative muscles (soleus and red gastrocnemius) in lean and obese Zucker rats. On the other hand, Kristensen et al. [6] showed that oral treatment with MET for 2 weeks induced significant metabolic activation (increased insulin-stimulated glucose transport) in soleus but not in EDL muscle in mice. In the present study, we found stimulation of AMPK that was not specific to muscle type, indicating that most skeletalmuscles respond to MET in vivo. However, we found that MET elicits greater activation of AMPKα1 (by 4.3-fold) than AMPKα2 (by 1.6-fold) in isolated rat epitrochlearis muscle (Fig. 2C) . Zhou et al. [3] also reported that MET treatment (2 mmol/L, 3 h) stimulated AMPKα1 activity (by approximately 2.5-fold) to a greater extent than AMPKα2 (by approximately 1.5-fold) in isolated rat epitrochlearis muscle. In contrast, MET increased AMPKα1 activity to a similar extent to that of AMPKα2 in soleus muscle (Fig.   2D) . Thus, the magnitude of the effect of MET may vary depending on the muscle type.
We have found that the isolated skeletal muscle preparation is a useful tool with which to elucidate the actual effect of MET on AMPK. AMPKα2 activity accounts for the major part (70%-80%) of basal AMPK activity in rat skeletal muscle, with AMPKα1 making up the remaining 20%-30% [34] . The α2-isoform is also the major α-isoform in biopsied human vastus lateralis muscle [35] . Importantly, AMPK, with the α1 isoform in particular, is easily activated during dissection as a postmortem artifact [36] . Even when actual AMPK activity is increased in vivo, it may be exceeded by additional activation of AMPK during dissection. Therefore, sufficient preincubation is required to stabilize AMPK to the basal level [36] . It is also noteworthy that, in contrast to mature muscle, α1 is the predominant α-isoform, and α2 activity is minimal in cultured muscle cells including L6 [37] .
The physiological significance of AMPKα1, the minor isoform in skeletal muscle, has been documented in contraction-stimulated glucose transport. Jensen et al.
[38] investigated the impact of low-intensity contractions, and demonstrated that glucose transport was activated in soleus muscle of AMPKα2-knockout mice but not in soleus muscle of AMPKα1-knockout and AMPK kinase-dead (KD) mice. Jørgensen et al.
[39] investigated high-intensity contractions, and showed that glucose transport activity was significantly reduced in the soleus muscle of AMPKα1-knockout mouse.
These observations indicate that AMPKα1 is relevant for the activation of glucose transport by low-intensity contractions, and is essential for additional activation of glucose transport by high-intensity contractions. The importance of AMPKα1 has also been suggested by our earlier studies, which showed that oxidative stress (H2O2, hypoxanthine/xanthine oxidase) [14] , low-intensity contraction [36] , and the presence of caffeine in low concentration (1 mmol/L) [40] increased AMPKα1 activity and insulin-independent glucose transport without AMPKα2 activation in isolated epitrochlearis muscle.
We have recently reported that caffeine (3 mmol/L, 15 min) stimulated AMPK and also dephosphorylated insulin receptor signaling including IRS-1 (Tyr 612 ), Akt (Ser 473 ), and GSK3β (Ser 9 ) in isolated rat epitrochlearis muscle [41] . In contrast, Morus alba leaf extract [29] , berberine [30] , and caffeic acid [32] acutely stimulated AMPK, but they did not affect Akt Ser 473 phosphorylation in isolated rat epitrochlearis muscle. In the present study, MET did not change the phosphorylation status of insulin signaling molecules in either muscle type (Figs. 5A and B) . MET may not have a modulatory effect on these molecules, at least in the absence of insulin and during the acute time period.
We showed that MET is transported into skeletal muscle and that within 60 min the concentration of MET was comparable with that of incubation buffer (10 mmol/L) (Figs. 3B and C). It is notable that a typical clinical dose of MET is 1000-2000 mg/day, and peak plasma concentrations of MET are about 3 mg/L (2.5 µmol/L) after an oral dose of 1000-1500 mg in humans [42] . Thus, it is unlikely that a single dose of MET 18 is sufficient to provoke clinically relevant activation of AMPK in human skeletal muscle.
As demonstrated by Musi et al. [4] , who found significantly increased AMPKα2 activity and decreased ACC activity as well as reduced energy status in biopsied muscle samples from T2DM after 10-week treatment, long-term MET administration might be needed.
Our data provide fundamental evidence that confirms the stimulatory actions of MET on AMPK signaling. MET acutely increased AMPKα Thr 172 phosphorylation and the activities of both AMPKα1 and α2, in association with decreased ATP, PCr, and glycogen levels. The enhanced levels of phosphorylation of cellular substrate ACC and increased levels of glucose transport indicated a substantial activation of AMPK in vivo.
MET was transported into the cytoplasm, and the stimulatory effects of AMPK phosphorylation and glucose transport were inhibited by cimetidine. All these effects occurred in both fast-twitch epitrochlearis and slow-twitch soleus muscles. In conclusion, we propose that MET is transported into skeletal muscle by OCTs, and that it stimulates AMPKα1 and α2 activity under reduced energy state in multiple muscle types. immunoprecipitates. Values are means ± SE; n=5-8. * P < 0.05 and *** P < 0.001 vs.
control group. MET for 120 min. The lysate was subjected to α-isoform-specific AMPK activity assay.
Values are means ± SE; n=13-21. ** P < 0.01 and *** P < 0.001 vs. control group. Representative immunoblots are shown. Table 1 ATP, PCr, and glycogen content in isolated skeletal muscles. Epitrochlearis (EPI) and soleus (SOL) muscles were incubated in the absence (control) or presence of 10 mmol/L MET for 120 min. ATP, PCr, and glycogen content were determined. Values are expressed as nanomoles per milligram wet weight. Values are means ± SE; n=6-13. * P < 0.05, ** P < 0.01, and *** P < 0.001 vs. control group. 
